P
atients receiving regular hemodialysis are at high risk for cardiovascular mortality and morbidity. 1 They have been largely excluded from any randomized evaluation of the comparative efficacy of coronary revascularization strategies, coronary artery bypass grafting, or percutaneous coronary intervention (PCI). In general, percutaneous coronary revascularization is more complex and difficult to perform in hemodialysis patients 2 than in nonhemodialysis patients because of greater calcification and medial thickness of the coronary plaque. 3 Importantly, the presence of chronic total occlusion (CTO) is the strongest independent predictor of incomplete revascularization in patients undergoing PCI. 4 Among hemodialysis patients, the proportion of coronary revascularization of target CTO lesions has been reported to be as high as 20%. 5 Recent observational reports [6] [7] [8] have consistently
shown the long-term survival advantage of coronary artery bypass grafting (CABG) compared with PCI in hemodialysis patients, but this could be explained not only by a difference in the completeness of revascularization between the 2 techniques but also by inappropriate patient selection and a lack of awareness of the technical limitations of PCI. Despite the improvement in procedural outcomes of CTO-PCI, 9 ,10 only limited information has been published regarding the procedures of CTO-PCI in hemodialysis patients.
In this study, we assessed the impact of chronic hemodialysis on the procedural results and characteristics of contemporary CTO-PCI using dedicated devices and specialized techniques in a large cohort of patients enrolled in the Japanese Retrograde Summit registry.
Methods

Study Population
The Retrograde Summit registry is a multicenter, prospective, nonrandomized registry of patients who underwent CTO-PCI at 65 Japanese centers between January 2012 and December 2015. Within this period, 5009 elective CTO-PCIs were performed. The indication of CTO-PCI or bypass grafting was determined by discussion among the heart team of each institution. Selection of procedural strategy was at the operator's discretion. The inclusion and exclusion criteria of the registry are described elsewhere. 10 After exclusion of 260 patients because of missing information about their dialysis status, a total of 4749 patients were subjects of the analyses. The patients were divided into hemodialysis (n=313) and nonhemodialysis (n=4436) groups. Moreover, according to whether estimated glomerular filtration rate (eGFR) of the patient was <30 mL/min per 1.73 m 2 or not, the nonhemodialysis group was divided into eGFR <30 (n=168) and eGFR ≥30 (n=4268) groups. All patients in the hemodialysis group had established end-stage renal disease and had already been on hemodialysis before PCI. Patients with peritoneal dialysis were not included in the hemodialysis group. Baseline patient characteristics, procedural details, and inhospital outcomes were recorded. Standard definitions of all patient-related variables and clinical diagnoses were used. The techniques (Japanese CTO-PCI style) used in the procedure have been described previously. 10, 11 There was no centralized event adjudication and core laboratory assessment. All clinical events were reported by each operator who performed CTO-PCI. This study was approved by the review board of each institution, and written informed consent was obtained from all patients.
Definitions
CTO was defined as complete occlusion with thrombolysis in myocardial infarction flow grade 0 antegrade through the affected segment >3 months in duration in the opinion of the operator based on clinical features, angiographic features, and/or previous imaging results. The eGFR was calculated by the modification of diet in renal disease formula. 12 Left ventricular ejection fraction was measured by either contrast left ventriculography or echocardiography. Peripheral artery disease was regarded as present when carotid, aortic, or other peripheral artery disease was being treated or the patient was scheduled for surgical or endovascular intervention. Angiographic morphology of the entry point was classified as "blunt" if the occluded segment did not end in a funneltapered form. Lesion calcification was assigned to 1 of 3 categories: mild (spots), moderate (involving ≤50% of the reference lesion diameter), and severe (involving >50% of the reference lesion diameter). Lesion bending was defined as at least 1 bend of >45°assessed by angiography throughout the occluded segment. Proximal vessel tortuosity was defined as the presence of 1 bend of >70°in the CTO vessel. Occlusion length was categorized as either <20 or ≥20 mm. The collateral connection grade was classified as previously reported. 13 The Multicenter CTO Registry in Japan (J-CTO) score was calculated as described by Morino et al, 14 and the Clinical and Lesion-related (CL) score as described by Alessandrino et al. 15 A procedure was defined as "retrograde" if an attempt was made at wiring through collateral arteries 10 ; if not, the procedure was classified as "antegrade-only." A hard wire was defined as a guidewire with tip load >3 g. Participating centers were divided into high-(1 or more operators with >50 CTO-PCI cases per year; highly experienced operator) and lowvolume centers (no such highly experienced operators) as described by Habara et al. 16 Clinical Perspective
What Is New?
• Irrespective of clinical/angiographic characteristics or previously developed scoring systems, hemodialysis independently and strikingly predicted technical failure in percutaneous coronary intervention for chronic total occlusion.
What Are the Clinical Implications?
• With regard to percutaneous coronary intervention for chronic total occlusion in hemodialysis patients, improvement in patient selection (as suggested in our article) would contribute to a higher technical success rate and wider use of complex percutaneous coronary intervention with dedicated devices and specialized techniques.
Outcomes
Technical success was defined as crossing of a completely occluded lesion by both guidewire and balloon, resulting in successful dilation of the occluded artery, and restoration of thrombolysis in myocardial infarction grade 3 antegrade flow with <50% residual stenosis on final angiography. In-hospital major adverse cardiac and cerebrovascular events (MACCE) included any of the following adverse events before hospital discharge: cardiac or noncardiac death, Q-wave myocardial infarction, non-Q-wave myocardial infarction, symptomatic cerebrovascular disease, heart failure, emergency CABG and emergency target lesion revascularization. Myocardial infarction was defined as an increase in creatine kinase level to more than 2 times the upper limit of the normal value.
Statistical Analysis
The data were statistically analyzed by SPSS However, logistic regression analyses are sometimes difficult to apply directly to patients in daily clinical practice because of variation in the number, type, and severity of their comorbidities. Therefore, recursive partitioning analysis was also performed to develop a decision-tree model, including significant predictors for the technical failure of overall CTO-PCI in univariate logistic regression analysis. The process of generating classification trees consists of selecting the most discriminative variable (according to an impurity function) to partition the data, repeating this partition until the nodes are considered pure enough to be terminal, and pruning the resulting complete tree to avoid overfitting. 17 Next, receiver operating characteristic curves for the developed scoring system to predict technical failure and changes in the area under the curve following inclusion of hemodialysis status were created according to the method of DeLong et al. 18 Clinical and/or angiographic characteristics related to hemodialysis status may confound technical results. Therefore, we performed a propensity score-matched analysis to address this issue. Only limited information has been published regarding CTO-PCI in hemodialysis patients. Hence, previous studies comparing coronary intervention procedures between hemodialysis and nonhemodialysis patients referred to select variables to derive propensity scores. A multicenter study in Japan using sirolimus-eluting stents 19 revealed that there was a higher prevalence of diabetes mellitus (DM), previous CABG, left ventricular ejection fraction <30%, Values are presented as meansAEstandard deviation or as numbers (percentages). CC indicates collateral channel; CL, clinical and lesion-related; CTO, chronic total occlusion; eGFR, estimated glomerular filtration rate; J-CTO, Multicenter CTO Registry in Japan. *Indicates significant difference among the hemodialysis group, the nonhemodialysis group with eGFR <30, and the nonhemodialysis group with eGFR ≥30.
multivessel disease, and lesion calcification in hemodialysis patients, whereas nonhemodialysis patients had a higher prevalence of hyperlipidemia and left anterior descending CTO. Age and the prevalence of hypertension did not differ between hemodialysis and nonhemodialysis patients. In a subanalysis of the CREDO-Kyoto (Coronary REvascularization Demonstrating Outcome study in the Kyoto) PCI/CABG Registry assessing patients undergoing first coronary revascularization, 20 hypertension, DM, left ventricular ejection fraction ≤40%, and 3-vessel disease were found more often in hemodialysis patients than in nonhemodialysis patients, which included more patients with advanced age and hyperlipidemia. Observational data 21, 22 are convincing in showing that hemodialysis patients have a high incidence of in-stent restenosis, regardless of whether they have drug-eluting stent or bare metal stent platforms, signaling the need for future revascularization. Incorporating the findings above, the following variables were used to estimate the propensity score for each patient: age, hyperlipidemia, DM, prior CABG, left ventricular ejection fraction <35%, multivessel disease, left anterior descending CTO, in-stent occlusion, and severe lesion calcification. Hemodialysis patients were 1:1 matched with nonhemodialysis patients based on their propensity scores and a caliper value of 0.005 for analysis, with a final matched population of >250 patients in each group. The odds ratio of technical failure of CTO-PCI was calculated from the propensity score-matched data using a binary conditional logistic regression model. In addition, univariate and multivariate logistic regression analyses among hemodialysis patients were also performed to determine predictors of technical failure in the hemodialysis group. Univariate variables with a P<0.1 were entered into the multivariate models. Finally, differences in the technical success rate based on the number of predictors for technical failure were compared among hemodialysis patients. For all analyses, P<0.05 were considered to indicate statistical significance.
Results
Patient Characteristics
The patients' baseline clinical characteristics are shown in Table 1 . Patients in the hemodialysis group had more cardiovascular comorbidities, such as left ventricular systolic dysfunction and peripheral artery disease as well as DM than patients in the nonhemodialysis groups, which included more patients with advanced age, hyperlipidemia, and smoking. There was the highest prevalence of prior CABG and prior PCI in the hemodialysis group.
Comparisons of the angiographic characteristics of the 3 groups are summarized in Table 2 . The prevalence of multivessel disease was the lowest in the nonhemodialysis group with eGFR ≥30. Patients with in-stent occlusion were more often found in the hemodialysis group. The CTO target vessel was the most likely to be left anterior descending in the nonhemodialysis group with eGFR ≥30. The collateral channel grade was similar among the 3 groups. With the exception of blunt stump, the CTO lesions in the hemodialysis group had the most advanced angiographic findings, such as lesion calcification, lesion bending, proximal tortuosity, and occlusion length ≥20 mm. Both J-CTO (2.24AE1.02, 2.04AE1.05, and 1.95AE1.00 for the hemodialysis group, nonhemodialysis group with eGFR <30, and nonhemodialysis group with eGFR ≥30, respectively; P<0.001) and CL scores (3.63AE1.79, 3.10AE1.57, and 2.58AE1.42; P<0.001) were the highest in the hemodialysis group. 
Procedural Outcomes
The procedural outcomes in each group are shown in Figure 1 and Table 3 . Among the 3 groups, the hemodialysis group had the lowest rates of technical success in overall procedures (78.0%, 88.7%, and 89.1%; P<0.001), antegrade-only procedures (84.2%, 88.8%, and 92.1%; P<0.001), and retrograde procedures (61.2%, 88.5%, and 82.4%; P<0.001). The mean fluoroscopy time was the longest in the hemodialysis group (77AE51, 69AE44, and 69AE47 minutes; P=0.014), whereas the mean procedure time, and mean air kerma radiation dose were similar among the 3 groups. The used Values are presented as meansAEstandard deviation (SD) or as percentages. CART indicates controlled antegrade and retrograde subintimal tracking; CTO, chronic total occlusion; eGFR, estimated glomerular filtration rate; GW, guidewire; IVUS, intravascular ultrasonography; PCI, percutaneous coronary intervention. *Indicates significant difference among the hemodialysis group, the nonhemodialysis group with eGFR <30, and the nonhemodialysis group with eGFR ≥30.
contrast dose was the smallest in the nonhemodialysis group with eGFR <30 (224AE109, 137AE91, and 224AE102 mL; P<0.001). The frequency of use of a hard wire was the highest in the hemodialysis group in overall procedures (55%, 41%, and 46%; P=0.007). In antegrade-only and retrograde procedures, the techniques for successful guidewire crossing were similar among the 3 groups. In retrograde procedures, the successfully crossed collateral channel was different in the 3 groups, with the highest frequency of the septal channel in the hemodialysis group. As shown in Table 4 , the rates of in-hospital MACCE of the nonhemodialysis group with eGFR <30 was the highest (1.6%, 3.0%, and 0.8%; P=0.013). However, the rates of in-hospital MACCE and complications in the hemodialysis group were comparable with those in the nonhemodialysis groups. The reasons for technical failure are presented in Table 5 . Among patients treated with antegrade-only procedures, the reasons for technical failure did not differ among the 3 groups. However, among patients treated with retrograde procedures, the reasons for technical failure differed, with the highest rate of failure of the guidewire to cross the CTO lesion (72%, 17%, and 34%) and the lowest rate of collateral channel crossing failure (22%, 67%, and 51%) in the hemodialysis group than in the nonhemodialysis groups. Figure 2 shows comparisons of the technical success rate of CTO-PCI between high-and low-volume centers according to hemodialysis status. When evaluating all patients or nonhemodialysis patients only, the technical success rate of higher volume centers was significantly higher than lower volume centers. However, in hemodialysis patients, the technical success rate did not differ between higher and lower volume centers.
Predictors of Technical Failure
Multivariate analyses using a forward stepwise algorithm revealed that the significant and independent predictors of technical failure in overall CTO-PCI were hemodialysis (odds ratio Values are presented as numbers (percentages). CABG indicates coronary artery bypass grafting; eGFR, estimated glomerular filtration rate; MACCE, major adverse cardiac and cerebrovascular events; MI, myocardial infarction; TLR; target lesion revascularization. *Indicates significant difference among the hemodialysis group, the nonhemodialysis group with eGFR <30, and the nonhemodialysis group with eGFR ≥30. Values are presented as percentages. CTO indicates chronic total occlusion; eGFR, estimated glomerular filtration rate; GW, guidewire. *Indicates significant difference among the hemodialysis group, the nonhemodialysis group with eGFR <30, and the nonhemodialysis group with eGFR ≥30. CTO, chronic total occlusion; HD, hemodialysis; PCI, percutaneous coronary intervention. Figure 3 shows the decision-tree model of recursive partitioning analysis for predicting the technical failure of overall CTO-PCI. With the exception of prior CABG, discriminators in the final tree generated by the decision-tree induction were the same as the significant and independent predictors of technical failure in the multivariate logistic regression analysis (Table 6 , Model 1). Propensity Score-Matched Analysis Table 7 shows baseline clinical and angiographic characteristics of the propensity score-matched cohort of hemodialysis and nonhemodialysis patients. A total of 251 hemodialysis patients were matched according to propensity scores with 251 nonhemodialysis patients, with similar baseline clinical and angiographic characteristics observed. As shown in Table 8 , the rate of technical failure in hemodialysis patients was significantly higher than in nonhemodialysis patients from the propensity score-matched cohort (21% versus 11%; OR, 2.13; 95% CI, 1.30-3.50; P=0.003). Table 9 shows the results of the multivariate analysis to identify predictors of technical failure in CTO-PCI among the hemodialysis groups. With regard to CTO-PCI in hemodialysis patients, the significant and independent predictors of technical failure were blunt stump (OR 2.45, 95% CI, 1.15-5.21, P=0.021), severe lesion calcification (OR 2.50, 95% CI, 1.19-5.24, P=0.015), and absence of DM (OR 3.15, 95% CI, 1.49-6.64, P=0.003). Notably, a smaller number of these predictors of technical failure of CTO-PCI in hemodialysis patients was significantly associated with a higher technical success rate ( Figure 5 ).
Recursive Partitioning Analysis for Predicting Technical Failure
Predictors of Technical Failure in Hemodialysis Patients
12-Month MACCE
Although 12-month follow-up data were available in only 1899 patients (120 in the hemodialysis group, and 1779 in the nonhemodialysis group), comparisons of 12-month MACCE between the hemodialysis and nonhemodialysis groups undergoing CTO-PCI are shown in Table 10 . MACCE were more frequent in the hemodialysis group at 12 months, with a higher rate of death, cardiac death, noncardiac death, target vessel revascularization, and CABG in the hemodialysis group. Table 11 shows 12-month MACCE according to the technical results of CTO-PCI in the hemodialysis group. As shown, 12-month MACCE did not differ according to the technical result of CTO-PCI.
Discussion
The major findings of this study were as follows: (1) In hemodialysis patients undergoing contemporary CTO-PCI with dedicated devices and specialized techniques in the Retrograde Summit registry, the technical success rate was significantly lower than in nonhemodialysis patients. (2) Irrespective of clinical characteristics and angiographic findings, hemodialysis was an independent predictor of technical failure in overall CTO-PCI. (3) With regard to CTO-PCI in hemodialysis patients, the independent predictors of technical failure were blunt stump, severe lesion calcification, and absence of DM, and the technical success rate of CTO-PCI seemed acceptable in patients without these characteristics. Patients receiving hemodialysis have been largely excluded from practically all of the large-scale prospective studies that assessed the efficacy of coronary revascularization procedures. Therefore, current practice guidelines do not endorse any revascularization approach in hemodialysis patients, and at present, decisions for hemodialysis patients present a dilemma for clinicians because of the complexity of the procedures 2 and the risk of future cardiovascular events.
To date, numerous studies have documented a survival advantage from complete compared with incomplete revascularization. 23 Moreover, a subanalysis of the SYNTAX (Synergy between PCI with TAXUS and Cardiac Surgery) Trial has shown that the presence of CTO is the strongest predictor of incomplete revascularization in percutaneous procedures. 4 Thus, the procedural results and characteristics of CTO-PCI in hemodialysis patients are of particular importance.
Clinical and Angiographic Characteristics
Although several scoring systems to predict the difficulty or technical failure in CTO-PCI have been developed, these studies have included few hemodialysis patients: only 14 cases in the report of the J-CTO score 14 and 10 in that of the PROGRESS CTO (Prospective Global Registry for the Study of Chronic Total Occlusion Intervention) score. 24 In the present study, a total of 313 hemodialysis patients undergoing contemporary CTO-PCI with dedicated devices and specialized techniques were included. To the best of our knowledge, the current study involves the largest number of hemodialysis patients treated with CTO-PCI to date. In agreement with previous reports, our study showed that patients undergoing long-term hemodialysis commonly carry accumulated cardiovascular risk factors 25 and angiographic findings indicative of advanced atherosclerosis and difficulty in CTO-PCI procedures. 14 Further, hemodialysis independently and strikingly predicted the technical failure in overall CTO-PCI in the present study. None of the previous scoring systems included hemodialysis in its components, but the discrepancy may be explained by the insufficient number of hemodialysis patients in the previous reports.
Procedural Results and Characteristics
Regardless of whether the antegrade or the retrograde procedure was performed, the technical success rate of CTO-PCI in hemodialysis patients was significantly lower than that in nonhemodialysis patients. In a previous report of a subanalysis of the Credo-Kyoto registry, 26 in which definitions of CTO included occlusions with thrombolysis in myocardial Figure 5 . Association between the number of predictors of technical failure in CTO-PCI and technical success rate in HD patients. CTO indicates chronic total occlusion; DM, diabetes mellitus; HD, hemodialysis; PCI, percutaneous coronary intervention. infarction flow grade 1 or occlusion duration >1 month, the success rate of CTO-PCI in 70 hemodialysis patients was 61.4%. The technical results in the current study indicate the possibility of improving the perceived technical results of CTO-PCI in hemodialysis patients by using dedicated devices and specialized techniques. Clarification of the procedural characteristics of CTO-PCI in hemodialysis patients was another informative result of our study. With specific regard to the retrograde procedure, CTO crossing is difficult, even with the bilateral approach, despite the high success rate of channel crossing of the septal branch, which is usually chosen in preference to epicardial channels because of their morphology and anatomical location. It has been generally established that once the collateral channel can be crossed with a guidewire and a catheter, the retrograde CTO-PCI procedure can be performed with a high success rate. 10, 27 However, as shown in the present study, this rule cannot be applied to hemodialysis patients. The characteristics of coronary plaques documented in autopsy studies 3 would explain the difficulty in crossing CTO lesions in hemodialysis patients.
Predictors of Technical Results of CTO-PCI in Hemodialysis Patients
Among hemodialysis patients, angiographic findings indicative of difficulty in the CTO-PCI procedure, such as blunt stump and severe lesion calcification, were predictors of technical failure. The unexpected results indicating a positive impact of DM on technical results in hemodialysis patients in this study should be interpreted with caution. Although we did not collect data on the duration of hemodialysis, a previous study documented a shorter duration of hemodialysis to clinical manifestation of coronary artery disease in hemodialysis patients with DM than in those without DM. 20 Dialysis vintage has been shown to predict progression of vascular calcification. 28 Therefore, a shorter hemodialysis duration before CTO-PCI would result in immaturity of the CTO lesion, and this might partly explain the positive impact of DM on the technical results of CTO-PCI in hemodialysis patients. According to Figure 4 in the present study, the technical success rate in patients with all 3 factors (blunt stump, calcification, and absence of DM) was 36.4%. Hence, we believe that these patients should be treated with particular caution. Because of insufficient information regarding longterm outcomes of hemodialysis patients undergoing CTO-PCI at present, the decision to proceed with CTO-PCI in hemodialysis patients with a low likelihood of technical success according to scoring systems should be made based on other clinical factors, such as the necessity of revascularization and suitability for CABG.
Limitations
Several limitations should be acknowledged in this study. First and most importantly, the observational study design precluded drawing definitive conclusions because of inherent selection bias. Second, there is a potential for residual confounding bias because of unmeasured factors, although the relevant measured confounders were included in the multivariate analysis. Third, data regarding the etiology of renal failure, hemodialysis duration, and medical therapies were not obtained. Data regarding severity of angina were only obtained at 1 time point, which was before the procedure. Therefore, improvement in the severity of angina after revascularization was not considered in the analyses. Fourth, there was no centralized event adjudication and core laboratory assessment. All clinical events were reported by each operator who performed CTO-PCI. Further study is warranted to elucidate whether CTO-PCI contributes to better clinical outcomes in hemodialysis patients.
Conclusions
Although hemodialysis is associated with technical failure in CTO-PCI, contemporary CTO-PCI in hemodialysis patients is feasible and safe in appropriately selected patients. With regard to CTO-PCI in hemodialysis patients, improvement in patient selection would contribute to a higher technical success rate and wider use of complex PCI with dedicated devices and specialized techniques.
